 The toxicity of dissolved nano-zinc oxide was dependent on temperature.  Marine larvae were more susceptible at temperatures above and below thermal optima.  Nano-zinc was no more toxic to marine larvae than zinc ions.  Ocean warming needs to be considered when assessing impacts of pollution.
INTRODUCTION
The world's oceans have warmed by 0.6 °C over the past century coinciding with increasing carbon dioxide emissions (Collins et al. 2013) . By 2100, the average surface temperature of the oceans is predicted to have increased by up to 2 °C (Collins et al. 2013, Hobday and ). This will be accompanied by greater volatility in sea temperatures resulting in short term marine heatwaves ) and localised warming above the global average in climate 'hotspots' . These changes will influence the distribution, behaviour, morphology, and fitness of marine species that are regulated by environmental temperatures . Ocean warming is therefore likely to have profound effects on both marine biodiversity and ecosystem function (Byrne et al. 2011 , Harley et al. 2006 , Przeslawski et al. 2008 , Wernberg et al. 2011 . Predicting the environmental impacts associated with changing ocean temperatures will be complicated by interactions with other human-induced stressors such as pollution, fishing, coastal development, and ocean acidification (Wernberg et al. 2012) . Understanding the environmental consequences of multiple stressors involving climate-driven ocean change will therefore be a critical step in effective marine ecosystem management in the coming decade (Sokolova and Lannig 2008) .
There is increasing concern about the potential for interactive effects of ocean warming and marine pollution on marine species (Wernberg et al. 2012) . Marine pollutions, such as heavy metals, have deleterious effects on marine organisms (Islam and Tanaka 2004) that are predicted to be exacerbated by increases in temperature in several ways (Sokolova and Lannig 2008) . Elevated temperatures may change the biochemical and physiological processes within an organism and thereby increase susceptibility to pollutants (Bao et al. 2008 , Cherkasov et al. 2007 , Ivanina et al. 2009 , and exposure to toxicants may reduce the thermal tolerance of organisms (Bao et al. 2008, Sokolova and Lannig 2008) . Moreover temperature may change the physical or chemical properties of the pollutant, such as metal solubility.
Engineered nanoparticles are manufactured ultrafine materials (< 0.1 µm) that have recently been recognised as a new form of marine pollution (Matranga and Corsi 2012) . Through production processes, general use and mishandling, engineered nanoparticles are entering the environment (Fairbairn et al. 2011 , Klaine et al. 2008 ) and being transported into the ocean (Klaine et al. 2008 ). Similar to other small pollutants (e.g. microplastics, Kaposi et al. 2013), there is concern over what effects nanoparticles may have on marine biota (Fairbairn et al. 2011 , Zhu et al. 2011 ), particularly given that the level of nanoparticle pollution is predicted to intensify with increasing consumer use (Jarvis et al. 2013 ).
One such nanoparticle that has been increasing in prevalence in the marine environment is nano-zinc oxide (nZnO) (Jarvis et al. 2013) . nZnO enters the marine environment primarily through the use of sunscreen (Ju-Nam and Lead 2008) , in which it is a major active component, but nZnO may also be introduced through wastewater treatment (Lombi et al. 2012) . It is estimated that concentrations of nZnO in the marine environment are generally low (~10 ng·L -1 ), except for locations where sewage effluents are discharged (0.2 -1.4 µg·L -1 ) (Gottschalk et al. 2009 ). However it is likely that nZnO concentrations near other source locations are considerably higher. At a popular swimming beach in Spain, concentrations of another nanoparticle used in sunscreen, titanium dioxide, were up to 0.04 mg·L -1 (measured as Ti 4+ , Sánchez-Quiles and Tovar-Sánchez 2014).
Zinc oxide nanoparticles are highly toxic to marine organisms and can cause abnormal development (Fairbairn et al. 2011 , Manzo et al. 2013 , reduced growth (Jarvis et al. 2013 , Peng et al. 2011 , altered protein levels , mechanical injuries ), cytotoxic and genotoxic effects (Schiavo et al. 2016) , and mortality (Hanna et al. 2013 , Jarvis et al. 2013 . Photo-excitation of nZnO in seawater can form H2O2, a chemical that negatively affects the growth of phytoplankton (Sánchez-Quiles and Tovar-Sánchez 2014). However, little is known about how the impacts of nZnO may interact with climatedriven ocean change. In one of the only studies examining such impacts, Wong and Leung (2014) found the effects of nZnO on photosynthesis of the diatom Skeletonema castatum and protein expression of the fish Oryzias melastigma was dependent on temperature, but there were no interactive effects of these factors on growth and mortality.
The aim of this study was to examine the combined effects of nZnO and predicted near-future ocean warming on the early life stages of the tropical sea urchin Tripneustes gratilla, an ecologically important species distributed throughout the Indo-Pacific region (Lawrence and Agatsuma 2013) . T. gratilla larvae appear in the water column during summer (Juinio-Menez et al. 1998) , which is also when peak concentrations of nZnO may occur (Tashiro and Kameda 2013) . This study was done in context of ocean warming along the subtropical east coast of Australia, a climate change hotspot . Sea surface temperatures (SST) along the coast of SE Australia have risen by 2.3 °C since 1940 and are currently warming four times faster than the global average Hobday 2011, Wernberg et al. 2011) . It is predicted that in the near future (ca. 2100), ocean temperatures along SE Australia will rise by a further 4 °C . To understand if toxicity could be attributed to the presence of zinc oxide as nanoparticles or ions resulting from the dissolution of nanoparticles, dissolution and aggregation of nZnO were measured, and the toxicity of nZnO was compared to dissolved Zn 2+ ions.
METHODS AND MATERIALS

Study organisms and gamete collection
Larvae were obtained from Tripneustes gratilla collected from Coffs Harbour, NSW, Australia (30°12.5'S, 153°16.1'E). Intracoelomic injections of 1 -2 mL of 1 M KCl were used to induce spawning in six males and three females. Eggs were collected in 500 mL beakers containing natural seawater (pH ~8.1, salinity ~35, total alkalinity ~2310 µmol·L -1 , < 6.4 µg·L -1 Zn 2+ ) filtered to 1.0 µm and UV sterilized (hereafter FSW). Prior to fertilization, eggs from each female were microscopically examined to ensure uniform sphericity and then pooled. Sperm was collected dry and activated in FSW prior to use. Sperm motility was confirmed microscopically and an equal amount of sperm from each male was pooled to create a concentration of 10 -6 sperm·mL -1 in FSW.
Chemicals and test solution preparation
To examine the interactive effects of zinc oxide nanoparticles (nZnO) and near-future ocean warming on the early life stages of T. gratilla, larvae were reared in eighteen treatments determined by the factorial cross of six nZnO concentrations (0 = control, 0.001, 0.01, 0.1, 1
and 10 mg nZnO·L -1 ) and three temperatures (25, 27 and 29 °C), chosen to represent current ambient SST and warming of +2 and +4 °C respectively. Zinc oxide nano-powder (< 50 nm, 6% Al; Sigma-Aldrich, 677450, characterised by Miao et al. 2013 , mean size ~ 30 nm) was used as a source of nZnO. Experimental concentrations were made in 1 L Schott bottles by serial dilution of an 800 mg·L -1 stock solution of nZnO in FSW. 5 mL of the stock solutions and 35 mL of FSW were added to 50 mL specimen containers (Techno Plas); total 40 mL of each experimental solution at a final concentration of 0.001, 0.01, 0.1, 1.0 or 10.0 mg·L -1 respectively. Controls had FSW only. Experimental temperatures (25, 27 and 29 °C) were maintained using a climate-controlled room and water baths. Each nZnO and temperature treatment in all combinations was replicated in five independent 50 mL containers (n = 5).
Effects of nZnO and temperature on fertilization success and embryogenesis
Approximately 2000 eggs were added to each replicate container (50 eggs·mL -1 ) and exposed to treatments for 10 min before sperm was introduced (100 µL sperm solution, sperm to egg ratio 500:1). After 3 h development time, the fertilization success of T. gratilla was determined by assessing 30 eggs/zygotes from each replicate and scoring the number of fertilized and unfertilized eggs.
To determine if nZnO and temperature impacted gastrulation of T. gratilla larvae, at 24 h, ~20 randomly selected larvae from each replicate were examined microscopically and the percentage of embryos that reached the early gastrula stage was determined.
Effects of nZnO and temperature on larval development and growth
At the onset of feeding at day 5 (Mos et al. 2011) , the remaining larvae in each replicate were fixed using 50 -100 µL of 10% formalin in 1.5 mL Eppendorf tubes and examined within five days. To assess the percentage of normal development, all larvae in a haphazardly chosen 1 mL sample of the fixed larvae were scored as normal or abnormal. Normal larvae were 2-arm pluteus. Abnormal larvae were defined as being developmentally arrested or as having skeletal abnormalities such as the presence of additional post-oral arms, absence of both post-oral arms or marked asymmetry of post-oral arms (>30% difference in length of arms) (Doo et al. 2012) (Fig. 1d ).
To assess how nZnO and temperature affected the growth of T. gratilla larvae, 10 -30 larvae from each replicate were haphazardly sampled and digitally photographed under a compound microscope (40× magnification). Larvae were positioned with their post-oral arms parallel to the focal plane prior to being photographed. ImageJ software (NIH, US) was used to measure the post-oral arm length (POA), body width (BW) and body length (BL) from the photographs (see Kaposi et al. 2013 ). POAs were calculated as the mean length of both postoral arms. Ratios of POA:BW and POA:BL were also calculated. Abnormal larvae were not included in growth analyses. Replicates with less than 10 larvae were not used in statistical analyses to avoid potential biases.
Aggregation size and dissolution of nZnO in seawater
To examine whether the aggregation and size distribution of the zinc nanoparticles varied with time in seawater, temperature or concentration, six nZnO concentrations (0 = control, 0.001, 0.01, 0.1, 1 and 10 mg nZnO·L -1 ) were prepared each day for a period of five days, and held in the same conditions (e.g. temperatures 25, 27 and 29 °C) and experimental set-up as the experiment testing the effects of temperature and nZnO on larval T. gratilla. On day 5, 2 mL aliquots from each treatment were transferred to a polystyrene disposable 1 cm cuvette, then the ensemble size distribution was determined by dynamic light scattering using a Malvern Zetasizer ZSP. Triplicate measurements were conducted on each sample with 10 runs of 10 s duration for each measurement. The instrument was operated using the default backscatter angle of 173º with the laser focus position of 4.65 mm and attenuation setting of 11 manually fixed after initial optimisation tests to minimise measurement time for each sample. The temperature of the sample during measurement was maintained at 25 ºC following a 60 s temperature equilibration period. The particle size distribution for each sample was determined by the Zetasizer software by application of the default 'general purpose' data analysis model.
To examine if the zinc oxide nanoparticles dissolved in seawater, and whether dissolution rates varied over the duration of the experiment or among temperature treatments, 10 mL subsamples of the prepared nZnO solutions were centrifuged in Vivaspin ® 20 centrifugal concentrators (3 kDa MWCO) for 15 min at 10 000 rpm to remove any undissolved nanoparticles. The absence of ZnO nanoparticles in the resulting supernatants was confirmed by running subsamples through the Zetasizer as described above. Zn 2+ concentrations in the supernatants were measured using standard protocols (Rice et al. 2012) . Supernatants were filtered through a 0.45 µm syringe filter and acidified to < 2 pH with ultra-pure HNO3 prior to ICP-MS (Inductively Coupled Plasma -Mass Spectrometry) analysis using a Perkin Elmer NexION 300D. The instrument was calibrated before use using a certified standard with calibration coefficients, achieving a minimum R 2 of 0.9999. Independent certified solutions were analysed after calibration to confirm the accuracy of the calibration curves and midpoint standards were re-analysed every 20 samples to monitor the stability of the analysis.
Internal standards Sc, Ge, Rh and Ir were used to monitor and correct for drift during the analysis. Concentrations of Zn 2+ in the control and 0.001 treatments were below detection levels. There was a sampling error in the 0.01 mg·L -1 treatment for the day 4 treatment, so data from these replicates were not used. Mean dissolution rates (%) for the 0.01, 0.1, 1 and 10 mg·L -1 concentrations were calculated as the amount of Zn 2+ measured in the replicates divided by the total amount of nZnO added at the start of the experiment. As there was no difference in the dissolution of nZnO among temperatures (F2,47 = 0.20, P > 0.81), the data were post-hoc pooled (Underwood 1997) .
Effects of nZnO and Zn 2+ on larval development and growth
To determine whether the adverse effects of nZnO on larval development and growth were associated with nZnO or dissolved Zn 2+ ions, development and growth of T. gratilla larvae reared in six nZnO concentrations (0 = control, 0.001, 0.01, 0.1, 1 and 10 mg nZnO·L -1 ) were compared to larvae reared in corresponding Zn 2+ molar concentrations (i.e. equivalent total amounts of zinc), prepared using reagent grade ZnCl2 (Sigma-Aldrich, 208086). Methods were as previously described for the nZnO × temperature experiment, except all treatments were held at 25 °C and gametes came from three male and three female T. gratilla.
Statistical Analysis
Data were analysed using two-way PERMANOVA (Anderson 2001) . Analyses were generated using Euclidean distance on untransformed data, using 9999 permutations of the raw data. nZnO × temperature, and chemical form of zinc (nZnO vs. Zn 2+ ) × concentration were treated as orthogonal and fixed factors respectively. Significant main effects and interactions were investigated with post-hoc pair-wise tests. For reporting post-hoc tests, >
and < indicate significantly greater than or less than at P < 0.05 respectively. = indicates no significant difference, P > 0.05.
RESULTS
Effects of nZnO and temperature on fertilization success and embryogenesis
Fertilization success of T. gratilla ranged from 7 -86% (Fig. 1a) . Fertilization was dependent on a significant interaction between temperature and concentration of nZnO (Table A .1). The influence of nZnO varied among temperatures, although there was a general trend for fertilization to decrease with increasing concentrations of nZnO at all temperatures (Fig. 1a) .
Specifically, at 25 °C, fertilization was greatest in the control, followed by the 0.001 and 0.01 mg nZnO·L -1 treatments, and then the 0.1 and 1 mg nZnO·L -1 treatments (Fig. 1a) . At 27 °C, fertilization formed a hierarchy of overlapping significance. Fertilization was greatest in the control and 0.001 mg nZnO·L -1 treatment, followed by the 0.001, 0.01, 0.1 and 1 mg nZnO·L -1 treatments (Fig. 1a) . At 29 °C, fertilization was greatest in the control and 0.001 and 0.01 mg nZnO·L -1 treatments, followed by the 0.1 and 1 mg nZnO·L -1 treatments ( Fig.   1a ). At all temperatures, fertilization was significantly lower in 10 mg nZnO·L -1 compared to all other concentrations. On average, fertilization in the 10 mg nZnO·L -1 treatments was 92%, 64% and 83% lower than controls at 25, 27 and 29 °C respectively.
Gastrulation success of T. gratilla ranged from 0 -81% (Fig. 1b) . Gastrulation was dependent on a significant interaction between temperature and concentration of nZnO (Table   A .1). The effect of nZnO on gastrulation varied among temperatures, although there was a general trend for gastrulation to decrease with increasing concentrations of nZnO at all temperatures ( Fig. 1b) . Specifically, at 25 °C, gastrulation was greatest in the control and 0.001 and 0.01 mg nZnO·L -1 treatments, followed by the 0.1, 1 and 10 mg nZnO·L -1 treatments ( Fig. 1b) . At 27 °C, gastrulation was significantly lower in the 10 mg nZnO·L -1 treatment compared to all other concentrations and the control (Fig. 1b) . At 29 °C, gastrulation was greatest in the control and 0.001 and 0.01 mg nZnO·L -1 treatments (Fig. 1b) .
All other concentrations formed a hierarchy of groupings with overlapping significance whereby gastrulation in the 0.1 and 1 mg nZnO·L -1 treatments did not differ significantly and were greater than the 1 and 10 mg nZnO·L -1 treatments (Fig. 1b) . At 27 °C, gastrulation in the 10 mg nZnO·L -1 treatment was 97% lower than the control. At 25 and 29 °C, there was 100% mortality in the 10 mg nZnO·L -1 treatments.
Effects of nZnO and temperature on larval development and growth
At day 5, the quantity of T. gratilla that had normal development to the 2-arm pluteus stage ranged from 0 -94% (Fig. 1c) . Normal development was dependent on a significant interaction between concentration of nZnO and temperature (Table A .1). The influence of nZnO varied among temperatures, although normal development decreased with increasing concentrations of nZnO (Fig. 1c) . Specifically, at 25 °C, there were significant differences in the normal development of larvae among nZnO concentrations (Fig. 1c) . Larvae in the control and 0.001 mg nZnO·L -1 treatment had significantly fewer abnormalities than in the 0.001 and 0.01 mg nZnO·L -1 treatments, which in turn had significantly fewer abnormalities than in both the 0.1 and 1 mg nZnO·L -1 treatments (Fig. 1c) . At 27 °C, the percentage of normal development did not differ among control and 0.001, 0.01, 0.1 and 1 mg nZnO·L -1 treatments (Fig. 1c) . At 29 °C, normal development was greatest in the control and 0.001 and 0.01 mg nZnO·L -1 treatments, and formed a hierarchy of overlapping significances with the 0.01 and 0.1 mg nZnO·L -1 treatments, yet was significantly greater than the 1 mg nZnO·L -1 treatment ( Fig. 1c) . At all temperatures, there was no survival in the 10 mg nZnO·L -1
treatments. As such development in the presence of this nZnO concentration was significantly different to all others (Fig. 1c) .
Mean POA length of T. gratilla ranged from 116 -234 µm (Fig. 2, 3a) . POA length was dependent on a significant interaction between concentration of nZnO and temperature (Table   A .1). At 25 °C, POA length of T. gratilla was greatest in the 0.001 and 0.01 mg nZnO·L -1 treatments, followed by the control, in which POA length was significantly greater than in the 0.1 and 1 mg nZnO·L -1 treatments (Fig. 3a) . At 27 °C, POA length did not differ among control and 0.001, 0.01, 0.1 and 1 mg nZnO·L -1 treatments (Fig. 3a) . At 29 °C, POA length was greatest in the 0.001 mg nZnO·L -1 treatment, followed by the control, 0.01, 0.1 and 1 mg nZnO·L -1 treatments (Fig. 3a) .
Mean BW of T. gratilla larvae ranged from 114 -139 µm (Fig. 2, 3b ). BW was dependent on a significant interaction between concentration of nZnO and temperature (Table A .1). The influence of nZnO varied among temperatures, although there was a general trend for BW to increase with increasing concentrations of nZnO (Fig. 3b) . Specifically, at 25 and 27 °C, there was a trend for BW to be smaller in the controls than all concentrations, but these differences were not significant (Fig. 3b) . At 29 °C, BW length was greatest in the 0.01, 0.1 and 1 mg nZnO·L -1 treatments, followed by the control and 0.001 mg nZnO·L -1 treatment (Fig. 3b) .
Figure 2.
Tripneustes gratilla larvae reared in the presence of five concentrations of zinc oxide nanoparticles (nZnO) at three temperatures for five days. Increasing nZnO concentrations above 0.001 mg·L -1 generally reduced the post-oral arm length of larvae. Larvae reared at 27 °C were more resilient to nZnO exposure than larvae reared at lower or higher temperatures. Larvae were also exposed to 10 mg·L -1 nZnO at the three temperatures, but none of these larvae survived to day 5. Photographs are representative of normal (i.e. not developmentally arrested) 2-arm pluteus larvae from 4-5 replicates per treatment. Scale bar = 100 µm.
Mean BL of T. gratilla varied from 88 -108 µm (Fig. 2, 3c ). BL interacted significantly between concentration of nZnO and temperature (Table A.1) . At 29 °C, BL was greatest in the 0.01, 0.1 and 1 mg nZnO·L -1 treatments, followed by the 0.001 mg nZnO·L -1 treatment in which BL was significantly greater than in the control (Fig. 3c ). There were no significant differences in BL among treatments at 25 and 27 °C.
Mean POA:BW and POA:BL ratios of T. gratilla ranged from 0.89 -1.81 and 1.15 -2.30 respectively (Fig. 4 ). Both POA:BW and POA:BL had mixed responses to nZnO and temperature stressors (Table A. 
Aggregation size and dissolution of nZnO in seawater
Dynamic light scattering analysis indicated that the nZnO particle sizes ranged from 90 -1000 nm, and were between 200 and 600 nm for most combinations of nZnO concentration and temperature (Fig. 5 , Table A .2). In most cases, calculated particle size distributions were bimodal, but the difference between the median z-weighted particle sizes for each of the two populations was sufficiently small as to suggest that this apparent bimodality may have been an artefact of the data analysis model. At 27 °C, z-weighted median nZnO particle sizes were similar at the beginning and end of the experiment for all concentrations. At 25 and 29 °C, particle size varied with time and nZnO concentration, with no obvious trends, however median z-weighted particle sizes remained of a similar order of magnitude and variation was likely within the range of experimental error.
Net dissolution of nZnO in seawater ranged from 21 -100% after five days (Fig. 6 ). There was a general trend towards slower net dissolution rates as nZnO concentration increased.
The highest net dissolution rates occurred in the 0.01 mg·L -1 treatment, where ~100% of the zinc added as nano-particles was detected as Zn 2+ after two days. Net dissolution rates were slowest in the 10 mg·L -1 treatment where only 21% of the zinc added as nano-particles was detected as Zn 2+ after five days. 
Effects of Zn 2+ and nZnO on fertilization success and embryogenesis
Fertilization success of T. gratilla ranged from 0 -100% (Fig. 7a) . Fertilization was dependent on a significant interaction between treatment (nZnO vs. Zn 2+ ) and concentration (Table A. 3). The influence of zinc type on fertilization did not vary for the controls and 0.001, 0.01, 0.1 and 1 mg·L -1 treatments (Fig. 7a) . However in the 10 mg·L -1 treatment, fertilization in the nZnO treatment was significantly greater than in the Zn 2+ treatment where there was no fertilization.
Gastrulation success ranged from 0 -100% (Fig. 7b) . Gastrulation was dependent on a significant interaction between treatment (nZnO vs. Zn 2+ ) and concentration (Table A. 3). The influence of zinc type on gastrulation did not vary for the controls and 0.001, 0.01, 0.1 and 1 mg·L -1 treatments (Fig. 7b) . However in the 10 mg·L -1 treatment, gastrulation was significantly greater in the nZnO treatment than in the Zn 2+ treatment where all gametes had died. Figure 7 . Effects of six zinc oxide nanoparticle (nZnO) and zinc ion (Zn 2+ ) concentrations on Tripneustes gratilla larvae to five days post-fertilization. a) Fertilization, b) gastrulation, c) normal development to the 2-arm pluteus, d) post-oral arm length, e) body width, f) body length. Arm length, body width and body length could not be measured in the 10 mg·L -1 treatments due to high mortality in these treatments. (a-c) Asterisks denote a significant difference between nZnO and Zn 2+ within each concentration as determined by post-hoc pair-wise tests (Table A. 3). (d-f) Inequalities denote significant differences among zinc types or concentrations as determined by post-hoc pair-wise tests (Table A. 3). Data are means ± S.E.
Effects of Zn 2+ and nZnO on larval development and growth
After five days, the quantity of T. gratilla larvae that had normal development to the 2-arm pluteus stage ranged from 5 -99% (Fig. 7c) . Normal development interacted significantly between treatment (nZnO vs. Zn 2+ ) and concentration (Table A. 3). The influence of zinc type on normal development did not vary for the controls and 0.001 and 0.1 mg·L -1 treatments (Fig. 7c) . However in the 0.01 and 1 mg·L -1 treatments, there were significantly more normal larvae in the nZnO treatment than in the Zn 2+ treatment. All larvae in the 10 mg·L -1 concentration had died by day 5.
Mean POA length of T. gratilla ranged from 149 -186 µm (Fig. 7d) . POA length was dependent on treatment (nZnO vs. Zn 2+ ) and concentration, with no interaction between these factors (Table A. 3). POA length was greater in the nZnO treatment (178 µm) than in the Zn 2+ treatment (162 µm). POA length was greater in the control compared to all the other concentrations, which were not significantly different.
Mean BW of T. gratilla larvae ranged from 129 -138 µm (Fig. 7e ). There was a significant effect of concentration on BW, but there was no effect of zinc type and no interaction between these factors (Table A. 3). BW was greater in the control and 0.001 mg·L -1 treatment compared to the 0.01, 0.1 and 1.0 mg·L -1 treatments.
Mean BL of T. gratilla varied from 100 -108 µm (Fig. 7f ). There was a significant effect of concentration on BL, but there was no effect of zinc type and no interaction between these factors (Table A. 3). Post-hoc pair-wise tests revealed a hierarchy of overlapping significance.
BL was greater in the control and 0.001 and 0.01 mg·L -1 treatments compared to the 0.01, 0.1 and 1.0 mg·L -1 treatments.
DISCUSSION
Effects of temperature on larvae
Temperature is a key environmental factor that influences the distribution, behaviour, morphology, and fitness of marine species . In the absence of nZnO, we found that fertilization, gastrulation and normal development of T. gratilla to the 2-arm pluteus were robust to elevated SST temperatures projected for the near future. The benign influence of moderate warming on this species in the subtropical part of its range has been well documented (e.g. Byrne et al. 2010 , Sheppard Brennand et al. 2010 ). The thermotolerance of T. gratilla eggs and developing embryos may be attributable to heat shock proteins provided by mothers during gametogenesis that protect cells from thermal damage (Hammond and Hofmann 2010, Sconzo et al. 1997) .
In contrast to the robustness of the embryonic stages, the growth of latter larval stages without nZnO was reduced at the highest temperature treatment (29 °C, + 4 °C), indicating 
Effects of nano-zinc oxide on larvae
The effect of nZnO on larval growth and morphometrics of T. gratilla varied with concentration. At all temperatures, small amounts of nZnO appeared to be beneficial to T. gratilla larvae. Larvae exposed to 0.001 mg nZnO·L -1 grew significantly longer post-oral arms compared to controls. Compared to the control and higher nZnO treatments, larvae exposed to 0.001 mg nZnO·L -1 also had greater POA:BW and POA:BL ratios, which could promote higher larval feeding efficiency (Soars et al. 2009 ). While the larvae of many sea urchin species are known to exhibit phenotype plasticity in response to food availability (Kaposi et al. 2013 , Soars et al. 2009 ), to our knowledge, this effect induced by nZnO has not been observed in any other marine invertebrate species. Zinc is an essential component of key enzymes such as carbonic anhydrase and alkaline phosphatise, required in calcification processes (Rainbow 2002 , Sinoir et al. 2012 . It is possible that for T. gratilla larvae, zinc at low concentrations facilitates calcification and growth of post-oral arms.
Concentrations greater than 0.1 mg nZnO·L -1 reduced the growth of post oral arms of larval T. gratilla. Similarly, zinc concentrations greater than 0.01 mg·L -1 inhibit pluteus development of the sea urchin Arbacia lixula and morphological abnormalities increased significantly with zinc concentration, resulting in death before the pluteus stage when concentrations exceeded 1 mg·L -1 (Castagna et al. 1981) . Similar effects on development, morphology and survival also occur when larvae are exposed to other metal oxide nanoparticles (e.g. Gamberdella et al. 2014 , Magesky et al. 2016 . Zinc has the capacity to reduce calcium uptake and impair Ca 2+ ATPase activity (Tellis et al. 2014) and interfere with the production of proteins and nucleic acids (Pirrone et al. 1970 , Slater et al. 1971 , impacting on normal development of calcifying species (Fairbairn et al. 2011 , Manzo et al. 2013 , Warnau et al. 1996 . Other mechanisms by which zinc nanoparticles could reduce growth and survival of larvae include generation of oxygen reactive species (e.g. Sánchez-Quiles and Tovar-Sánchez 2014), compromising immune system homeostatis by interfering with the function of coelomocytes (e.g. Magesky et al. 2016) , and mechanical injury (e.g. Wong et al. 2010 ).
Combined effects of temperature and nano-zinc oxide on larvae
High concentrations of nZnO had a temperature-dependent deleterious effect on the fertilization, early development and growth of T. gratilla. Fertilization, gastrulation and normal development of T. gratilla to the 2-arm pluteus were most robust to nZnO at 27 °C, as significant effects were only seen at the highest concentration (10 mg·L -1 ). This tolerance can be explained as larvae of many marine organisms, including sea urchins, are maternally provisioned with metallothionein proteins or other metal-binding proteins (de Prisco et al. 1991 , Nemer et al. 1984 , Roesijadi 1992 , Scudiero et al. 1994 . Previous studies have shown the primary functions of metallothioneins are related to the replication, transcription and movements of genes (Hamer 1986 , Kägi 1991 , Roesijadi 1992 ), additionally they can detoxify moderate quantities of metal oxides (Roesijadi 1992) . Embryogenesis does, however, deplete maternal metallothionein reserves available for detoxification (de Prisco et al. 1991) . Larvae are capable of producing their own metallothioneins post-gastrulation (de Prisco et al. 1991) , but the rate of synthesis, and therefore detoxification capacity, is strongly influenced by metabolic processes, which are dependent on environmental temperatures (Serafim et al. 2002) and cellular zinc concentrations (e.g. Brun et al. 2014 ). Exposure to temperatures close to thermal thresholds appear to supress metallothionein synthesis, possibly due to cellular oxidative stress (e.g. Banni et al. 2014 , Falfushynska et al. 2015 , however increases in temperature below thermal thresholds may assist metallothionein synthesis (Serafim et al. 2002) . Similarly, increased intracellular zinc concentrations generally boost the transcription of genes that code for metallothioneins (e.g. Brun et al. 2014 , Falfushynska et al. 2015 , however, they can also down-regulate the transcription of other antioxidant enzymes (e.g. Brun et al. 2014) , preventing cells from responding to zinc-induced formation of reactive oxygen species (Dineley et al. 2003 , Heng et al. 2010 . Reactive oxygen species have inflammatory and cytotoxic effects (Nel et al. 2006) . Zhou et al. (2014) suggest chemical toxicity either increases with increasing temperature, or is lowest at optimal temperature and increases with temperatures above or below optima. The temperaturedependent response of T. gratilla to nZnO followed the inverse V-shaped relationship between temperature and tolerance of chemicals also seen in fish and some invertebrates (Bao et al. 2008 , Li et al. 2014 , Olsvik et al. 2016 . At 27 °C, T. gratilla larvae were able to withstand concentrations up to 1 mg nZnO·L -1 . At lower and higher temperatures (25 and 29 °C), T. gratilla's tolerance to nZnO was significantly reduced, with concentrations as low as 0.001 mg·L -1 impeding fertilization, gastrulation and normal development. This relationship with temperature closely follows the growth response of T.
gratilla to temperature, with 25 °C being sub-optimal, 27 °C eliciting the fastest growth and 29 °C close to breaching its thermal tolerance (Mos et al. 2011 , Sheppard Brennand et al. 2010 ).
Implications of nano-zinc oxide dissolution for toxicity to larvae
While we added zinc in the form of nanoparticles at the beginning of the experiment, the effects on larval growth and later development were likely due to dissolved ions. At 25 -29 °C, nZnO rapidly dissolved in seawater at similar dissolution rates to those determined by (2014) found dissolution rates of 10 mg·L -1 nZnO in artificial seawater were similar at 25 -30 °C, but substantially higher at 10 and 15 °C, respectively. Measurements of particle size distributions of nZnO indicated the formation of aggregates on the order of 500 nm in size, which is around an order of magnitude greater than the size of the added nZnO powder (specification < 50 nm). Several other studies have also found nZnO at 10 -30 °C generally aggregates over time into aggregates > 400 nm hydrodynamic diameter (e.g. Keller et al. 2010 , Wong and Leung, 2014 ). While we recorded some variability in the size of the aggregates, this variability was within expected experimental error for the method, implying that there were no discernible effects of added nZnO concentration and temperature on aggregation of nZnO over time.
The presentation of zinc as nZnO appeared not to enhance toxicity as there was little difference between the effects of nZnO and the equivalent amount of dissolved Zn 2+ on T.
gratilla larval development and growth. For example, there were no differences in the effects on fertilization and gastrulation success of the 0.01 mg·L -1 nZnO and Zn 2+ treatments after 24 h and 48 h, when almost all of the nZnO would have dissolved. Other studies that have examined the effects of nanoparticles on survival and growth of invertebrates have also concluded toxicity is most likely related to dissolved ions released from or in equilibrium with the nanoparticles (Aruoja et al. 2009 , Griffitt et al. 2008 , Heinlaan et al. 2008 , Li et al. 2013 ; but see Poynton et al. 2010 , Zhu et al. 2011 ).
CONCLUSIONS
Our results support growing evidence that the effects of zinc oxide nanoparticles on organisms may be caused by dissolved ions rather than their presentation as nanoparticles (e.g. Miller et al. 2010) . Importantly, our results also underline the pervasive effect of climate warming on biological systems and the difficulty in predicting these effects. We found that there was a higher impact of zinc pollution at temperatures above and below T.
gratilla's thermal optima. The effects of metal pollution on marine organisms may, therefore, follow complex trajectories under predicted future ocean conditions. These results highlight the importance of experiments that test the combined effects of climate and nonclimate stressors if we are to understand and effectively manage anthropogenic impacts on marine biota into the future.
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